Cloud feedback represents the source of largest uncertainty 4 in projections of future warming, and observational constraints on both the 5 sign and magnitude of the feedback remain lacking. In this study we use ob-6 servations from a suite of satellite instruments to assess the sensitivity of trop-7 ical high clouds to tropical mean surface temperature anomalies associated 8 with interannual variability. We relate cloud changes to a physical govern-9 ing mechanism that is sensitive to the vertical structure of warming, remov- 
Introduction
The role of cloud-induced changes in top of atmosphere radiative fluxes as a feedback on 26 a warming climate is a subject of great debate and uncertainty (e.g., Bony et al. [2006] ).
27
The magnitude of cloud feedback is generally positive in global climate models (GCMs), 28 but exhibits considerable inter-model spread that arises primarily from the spread in short- cloud phase) are used to retrieve optical thickness (τ ), but these data are restricted to 172 daytime observations.
173
We make use of cloud fraction, CTP and τ from the 5 km level 2 Joint product over the CloudSat data from its native geometric height grid to a pressure grid using co-located AIRS-MLS temperatures described below. reported for the larger 280 km grid as the fraction of all 4-7 km pixels containing clouds.
208
In the D-series datasets, biases in detectable cloud amounts are about 0.05, except in the 209 summertime polar regions where the bias may be about 0.10.
210
Cloud top temperature is computed for each cloudy scene by comparing the IR radiance 211 observed with that computed from a radiative transfer model. Then, cloud top pressure 212 is determined using a temperature profile from the TIROS Operational Vertical Sounder.
213
Biases in cloud-top temperatures are less than ∼2 K for lower-level clouds and less than ∼4
214
K for optically thin, upper-level clouds, except when they occur over lower-level clouds
215
(Rossow and Schiffer [1999] ). Optical thickness is computed for each cloudy scene by 216 comparing the VIS radiance observed with that computed from a radiative transfer model.
217
Differences in actual and modeled cloud microphysical properties lead to biases in the
218
ISCCP cloud optical depths of -4% over ocean and +2% over land (Han et al. [1994] We follow the procedure described in Section 3 of ZH10 to compute profiles of clear-sky radiative cooling (Q R ), diabatic subsidence (ω), and clear-sky diabatic convergence (conv).
Briefly, we assume that clear-sky radiative cooling (calculated using the Fu-Liou radiation code, with zonal-and monthly-mean combined AIRS-MLS profiles of temperature and humidity as input) is exactly balanced by warming due to diabatic subsidence: σ is the static stability, which can be written
where κ = R d /c p , R d is the gas constant for dry air, and c p is the specific heat of air at constant pressure. Assuming mass continuity, the profile of conv in the clear-sky region is calculated by
Assuming a closed mass budget between convective and nonconvective regions, the rate of 
327
It is important to bear in mind that conv is a measure of the net convergence into the anvil cloud coverage.
335
As was the case in the observational study of Kubar et al. [2007] , the cloud resolving 336 model study of Kuang and Hartmann [2007] , and in the GCM study of ZH10, the peak in 337 the profile of conv is remarkably well-correlated with the peak in the cloud profiles. The 338 profile of CloudSat cloud tops exhibits a particularly striking similarity to the conv profile, 339 which makes sense considering CloudSat's sensitivity to larger ice particles, removing any 340 strong influence from very thin cirrus that would potentially peak at a higher altitude.
341
It also suggests that the peak in the profile of conv serves as a convenient marker for 342 the emission level of the bulk of tropical high clouds. In general, the peaks in AIRS and
343
MODIS cloud top fraction and CloudSat cloud top frequency of occurrence tend to lie 344 slightly above the peak in conv.
345
We have separated the MODIS cloud fractions into three optical depth ranges corre- the level of agreement in the anomalies is noteworthy.
394
The vertical structure of temperature and humidity fluctuations has implications for the 395 profile of conv. In Figure 6 we show the sensitivity of tropical mean temperature, water CloudSat's superior vertical resolution relative to the other sensors.
436
Separating the MODIS cloud fractions by optical depth, we find that anvil and thick
437
clouds have a tendency to rise in association with tropical warming, whereas the dominant 438 feature of the thin cloud fraction anomalies is a reduction at about 225 hPa (not shown).
439
The cloud fraction anomalies are not statistically different from zero at most pressure 440 levels, but all cloud types show a significant reduction in cloud fraction near 225 hPa.
441
The profiles of anomalous cloud fraction correspond quite well with the anomalous conv 442 profiles, with the exception of thin clouds, which do not exhibit an increase near 150 hPa. warming is also consistent with the interpretation of conv, which one would expect to be 445 physically related to mass detrainment and therefore anvil coverage.
446
The upward shift and reduced peak in the convergence and cloud profiles observed
447
here are similar to those that accompany a warming climate in GCMs (ZH10), but we 448 demonstrate in Section 4.3 that the shift in cloud profile is accompanied by smaller changes 449 in cloud top temperature (i.e., the response is more isothermal than in models).
450
What is perhaps most striking is that the cloud profiles from all datasets (except ISCCP) 
470
In Figure 8 we plot the variables shown in Figure 2 , but as functions of temperature.
471
Water vapor concentrations are fundamentally limited by temperature via the Clausius- where moisture increases and the lapse rate increases with tropical warming.
478
Unlike the case of GCM-simulated global warming in which σ increased significantly and 215-220 K), the perturbation profile is not statistically different from the mean profile.
482
It is important to understand why this very different structure emerges in the observations. tropospheric warming and increase in σ.
497
In Figure 8 , the subtle but competing effects of changes in the σ and Q R profiles on the 
525
Other than the following differences, the procedure for computing overcast-sky cloud 
537
In Figure 10 we show the anomalous cloud fraction histogram due to a 1 K tropical- SW radiation from reduced high cloud coverage.
565
As an independent check of the sensitivities computed above, regressions of AIRS-
566
and CERES-derived tropical mean LW and SW cloud radiative forcing (LW CF and
567
SW CF , respectively) on T sf c are provided in Table 1 . Cloud radiative forcing is defined between the values derived using these independent techniques is noteworthy, with nearly 595 all implying a positive tropical cloud feedback acting on interannual timescales. 
Conclusions and Discussion
We have demonstrated in this study that the upper tropospheric diabatic convergence 
